Objectives: Glucagon-like peptide-1 (GLP-1) is an intestinally secreted hormone and it plays an important role in the regulation of glucose homeostasis. However, the possible role of GLP-1 in the differentiation of adipose-derived stem cells (ADSCs) remains unknown. Therefore this study investigated the effect of GLP-1 on the differentiation of ADSCs into osteoblasts and adipocytes. Methods: ADSCs were isolated from human adipose tissues of the abdomens, cultured and characterized by flow cytometry and multi-lineage potential assay. ADSCs were induced in osteogenic and adipogenic media treated with two different doses (10 and 100 nM) of GLP-1, and then the effect of GLP-1 on differentiation of ADSCs into osteoblast and adipocyte was examined. The signaling pathway involved in these processes was also examined. Results: Isolated human ADSCs expressed mesenchymal stem cell (MSC) specific markers as well as GLP-1 receptor (GLP-1R) proteins. They also showed multiple-lineage potential of MSC. GLP-1 was upregulated the activity and mRNA expression of osteoblast-specific marker, alkaline phosphatase and the mineralization of calcium. In contrast, GLP-1 significantly suppressed the expression of adipocyte-specific markers, peroxisome proliferator-activated receptor gamma (PPAR-γ), lipoprotein lipase (LPL) and adipocyte protein 2 (AP2). This decreased expression of adipocyte specific markers caused by GLP-1 was significantly reversed by the treatment of extracellular signal-regulated kinase (ERK) inhibitor, PD98059 (P < 0.05).
Introduction
It has been well known that diabetic patients have a greater risk of bone fractures and osteoporosis. 1, 2 Osteoporosis has been recently suggested as a disorder of lipotoxicity. 3 These facts have provided a new dogma that bone loss is accompanied with up-regulation of adipogenesis. Thus, these results mean that if there is a substance that inhibits adipogenesis, whereas it stimulates osteogenesis, it will be more attractive and effective drug in J MM the treatment of type 2 diabetes.
Glucagon-like peptide-1 (GLP-1) is a well known incretin hormone and it is encoded by proglucagon gene in intestinal L-cells and some brain neuron, and degraded rapidly by the enzyme dipeptidyl peptidase-4 (DPP-4). 4 It plays a crucial role in blood glucose control and pancreatic isletcell proliferation. 5~7 In addition, it has various functions on peripheral tissues and the central nervous system.
8~10
GLP-1 also stimulates glucose-dependent insulin secretion and has antidiabetogenic effects in the treatment of type 2 diabetes, 11 and the GLP-1 agonist is used as a class of drug of the treatment of type 2 diabetes. 12, 13 In addition, hyperlipidemic-related osteopenia. 16 In this respect, GLP-1 can be considered to be an excellent candidate for the treatment of type 2 diabetes.
MSCs were initially isolated from BM, 17 but they were recently isolated from various adult tissues including the fat, muscle, cartilage, and cord blood. 18 Among them, adipose tissue has become an attractive source of MSCs because adipose-derived stem cells (ADSCs) possess higher stem cell population compared to other MSC sources including BM, 19, 20 and they are easier to obtain, have relatively lower donor site morbidity, a higher yield and rapid ex-vivo expansion.
In addition, they are capable of differentiating into at least three lineage (osteogenic, adipogenic and chondrogenic)
when cultured under defined in vitro condition. MSCs have a reciprocal relationship between the differentiation of adipogenesis and osteogenesis.
21~23
Therefore, this study examined the effects of GLP-1 on osteogenic and adipogenic differentiation using ADSCsderived MSCs. In all experiments, media were changed every three days. Oil Red O were acquired with a G12 digital camera. In order to elute stained lipid droplet, 100% isopropanol was added to each well followed by 10 minutes at room temperature and quantified by measuring the optical absorbance at 500 nm using a Thermo Multiskan FC Microplate Reader (Scientific). 
Materials and Methods

Statistical analysis
Statistical analysis was performed with the student t-test using SPSS (version 12.0; SPSS Inc., Chicago, IL, USA). A P < 0.05 was considered to be statistically significant. In order to assess whether ADSCs have MSC-specific characteristics, flow cytometry was performed at passage 4.
Results
Characterization of human ADSCs
The cells were positively stained for MSC-specific surface markers (CD73, CD90 and CD105), but they were negative for markers of the endothelial cells (CD31) and hematopoietic cells (CD34 and CD45) (Fig. 1A) .
To test the multi-lineage potential of ADSCs, the cells were induced in adipogenic or osteogenic differentiation media. The adipogenic and osteogenic differentiation potential was determined by each differentiation specific gene expression and staining. Seven days after adipogenic or osteogenic induction, specific osteoblast markers, ALP and runt-related transcription factor 2 (RUNX2) were positively expressed (Fig. 1B) . The expression of adipogenicspecific genes, PPAR gamma (PPAR-γ ), adipocyte protein 2 (AP2) and lipoprotein lipase (LPL) were also observed (Fig.   1D ). Fourteen days after adipogenic or osteogenic induction, ADSCs revealed Alizarin Red S positive staining for calcium deposition (Fig. 1C) and Oil Red O positive staining for the lipid droplet (Fig. 1E) . These results mean that the isolated ADSCs have the potential of MSCs. 
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Expression of GLP-1 receptor in ADSCs
Prior to the examination of the effect of GLP-1 on adipogenic and osteogenic differentiation, whether GLP-1R
is expressed in ADSCs was tested by immunofluorescence staining using anti-GLP-1R antibody. Fig. 2 showed GLP-1R positive stained cells.
Expression of GLP-1 stimulates osteogenic differentiation in ADSCs
To examine whether GLP-1 has an effect on osteoblast differentiation, two doses of GLP-1 (10 and 100 nM) were treated to ADSCs cultured in OIM, and then Alizarin Red S staining and ALP staining were assessed after 10 days and 21 days of culture, respectively as the first indicator for osteogenic differentiation. The areas of ALP positive staining (Fig. 3A) and calcified nodules by Alizarin Red S staining (Fig. 3B) were increased in a dose-dependent manner in response to GLP-1, and the significant maximal effect was reached at a concentration of 100 nM GLP-1. Quantitative analysis of calcium deposition showed two-fold and five-fold increase in calcium deposition in 10 nM and 100 nM GLP-1, respectively (Fig. 3C) .
Next, to additionally demonstrate the effect of GLP-1 on osteoblast differentiation, 100 nM GLP-1 was treated to ADSCs cultured in OIM, and the expression of ALP mRNA transcript and ALP activity were examined. ALP mRNA expression was increased with culture period and it was significantly increased in GLP-1 treatment compared to the OIM on day 7 of culture ( Fig. 3D) . After 10 days of induction, the ALP activity also significantly increased in the 100 nM GLP-1-treated cells compared to the OIM group (Fig.   3E ). These data indicate that GLP-1 stimulates osteogenic differentiation of ADSCs. Fig. 4A, 4B) . Next, when the ADSCs were treated with 100 nM GLP-1 on day 0, 3 and 7 of culture, the expressions of AP2, PPAR-γ and LPL were significantly down-regulated at day 7 compared to AIM group (P < 0.05) (Fig. 4C) . These data indicate that adipogenic differentiation of ADSCs may be inhibited by GLP-1. 
GLP-1 inhibits adipogenic differentiation in ADSCs
26~28
Another study failed to show GLP-1R in osteoblasts. 15 As we all know, Alizarin Red S staining has been widely used in the characterization of osteoblast differentiation.
ALP is produced by liver as well as osteoblast or bone and osteocalcin is well known to be mature osteoblast marker.
Nevertheless, the present study used ALP as an osteoblast marker due to the following reason: ALP has been solidified as a specific osteogenic marker to be detected in the early stage of osteogenic differentiation from MSCs and it is a specific marker for mineralization. 29~31 This study showed that GLP-1 increased not only ALP activity and mRNA expression, but also the area of ALP and Alizarin Red S staining.
In contrast to the osteogenic effect, the present study 
